The dopamine D 1 , D 2 , D 3 receptors, vesicular monoamine transporter type-2 (VMAT2), and dopamine transporter (DAT) densities were measured in 11 aged human brains (aged 77-107.8 (NAc). The density of the DAT is 10-20-fold lower than that of VMAT2 in striatal regions. Dopamine D 3 receptor density exceeded D 2 receptor densities in extrastriatal regions, and thalamus contained a high level of D 3 receptors with negligible D 2 receptors. The density of dopamine D 1 linearly correlated with D 3 receptor density in the thalamus. The density of the DAT was negligible in the extrastriatal regions whereas the VMAT2 was expressed in moderate density. D 3 receptor and VMAT2 densities were in similar level between the aged human and aged rhesus brain samples, whereas aged human brain samples had lower range of densities of D 1 and D 2 receptors and DAT compared with the aged rhesus monkey brain. The differential density of D 3 and D 2 receptors in human brain will be useful in the interpretation of PET imaging studies in human subjects with existing radiotracers, and assist in the validation of newer PET radiotracers having a higher selectivity for dopamine D 2 or D 3 receptors.
Introduction
The dopaminergic system is involved in neurological disorders such as Parkinson disease, drug addiction and schizophrenia [1] [2] [3] [4] . Dopamine receptors have been classified into two subtypes: D 1 4 ) receptors inhibits adenylate cyclase activity, increases arachadonic acid release and phosphatidylinositol hydrolysis [5, 6] . The dopamine transporter (DAT) is a presynaptic membrane protein which is responsible for the reuptake of dopamine into dopaminergic nerve terminals. The vesicular monoamine transporter type-2 (VMAT2) is a vesicular membrane protein that transport monoamines from the cytosol into synaptic vesicles [7] . Both have been used as dopamine presynaptic markers for nigrostriatal neuronal integrity.
Since radioligands for PET imaging dopamine D 2 -like receptors, such as the antagonists [ 11 C]raclopride [8] , [
18 F]fallypride [9] and the full agonist [ 11 C](+)-PHNO [10] , bind to both the dopamine D 2 and D 3 receptors, PET studies can only measure the composite density of these receptors, the dopamine D 2 /D 3 receptor binding potential. Quantitative autoradiography measuring dopamine D 2 and D 3 receptor densities have yielded equivocal receptor density values and distribution patterns in human and monkey brain [11] [12] [13] [14] [15] [16] [17] [18] . This can be attributed to the low D 2 /D 3 selectivity of all radioligands used in these studies. Some studies have attempted to quantify dopamine D 3 receptors using ''selective'' radiolabeled dopamine D 3 agonists (7-OH-DPAT, PIPAT and PD128947), but these ligands also bind to the high affinity agonist binding state of the D 2 receptor and require first decoupling the D 2 receptor from G proteins to image the D 3 receptor. Studies using radiolabeled selective dopamine D 3 versus D 2 receptor antagonists are not well documented [5, 18, 19] .
WC-10, a weak partial agonist/antagonist at the D 3 receptor, binds with a 66-fold higher affinity to human HEK D 3 3 receptors in the striatal regions of rat and rhesus monkey brain [18] . In this study, the absolute densities of dopamine D 2 and D 3 receptors were determined by using the same autoradiography assay in the striatal and extrastriatal regions of an aged monkey (25 years old) and aged human brains (average age = 91, range = 77-107.8 years old). The dopamine D 1 receptor, DAT, and VMAT2 densities were also measured by quantitative autoradiography. The results of this study provide a unique measurement of the density of D 1 , D 2 and D 3 receptors, and DAT and VMAT2 levels, in the same human brain samples.
Materials and Methods

Ethics Statement
After death, the written consent of the next of kin was obtained for brain removal, following local Ethical Committee procedures (Human Studies Committee, Washington University School of Medicine). Postmortem receptor autoradiography study has been approved by the Alzheimer's disease Research Center (ADRC) Committee; the approval letter is submitted as a supplement.
The monkey used in this study belongs to our group and was euthanized using pentobarbital 100 mg/kg i.v. due to age-related health decline. This method is consistent with the recommendations of the Panel on Euthanasia of the American Veterinary Medical Association. These studies have been approved by the IACUC at Washington University (approval #20110161). Washington University is fully accredited by the American Association for the Accreditation of Laboratory Animal Care (AAALAC).
Precursor synthesis and radiolabeling 3 H]WC-10 has been previously described [19] .
Drugs
Chemical reagents and the standard compounds were purchased from Sigma (St. Louis, MO) and Tocris (Ellisville, MO). [
Tissue collection
Clinically and neuropathologically well-characterized human brain tissues were obtained from the Knight Alzheimer's Disease Research Center, Washington University School of Medicine. All cases were longitudinally assessed, healthy elderly individuals without neurological or psychiatric disease and included 4 males and 7 females, aged 77-107.8 (mean: 91) years. Table 1 shows the demographic case variables. Brains were removed at autopsy and the right hemibrain was coronally sliced and snap-frozen by contact with Teflon-coated aluminum plates cooled in liquid nitrogen vapor, subsequently stored in zip-lock airtight plastic bags and stored at 280uC until used. Microscopy was performed using established rating scales. Alzheimer's disease pathological changes were assessed using Braak staging [21, 22] . For autoradiography studies, frozen coronal sections (20 mm) were cut with a Microm cryotome and mounted on Superfrost Plus glass slides (Fisher Scientific, Pittsburgh, PA) from following brain regions: precommissural striatal regions containing the caudate, putamen and nucleus accumbens (NAc); globus pallidus (GP) containing the internal and external part (GPi and GPe); thalamus containing postcommissural striatal regions; and middle brain containing substantia nigra (SN) and red nucleus (RN). For the determination of total binding, data from 2-4 sections were averaged and nonspecific binding was defined by average of 1-2 adjacent sections for all the radioligands. Another set of adjacent sections used for cresyl violet staining to identify related anatomical structures.
Quantitative autoradiography protocol
Sections for dopamine D 1 , D 2 , and D 3 receptor binding were pre incubated for 20 min at room temperature in buffer (50 mM Tris buffer, pH 7.4, containing 120 mM NaCl, 5 mM KCl) to remove endogenous dopamine. After incubation with the respective radiotracer, slides were then rinsed five times at 1 min intervals with ice-cold buffer. Slides were incubated in an open staining jar, with the free radioligand concentration loss at less than 5% as previously described [18, 19] . Quantification of total radioactivity. Slides were air dried and made conductive by coating the free side with a copper foil tape. Slides were then placed into a gas chamber containing a mixture of argon and triethylamine (Sigma-Aldrich, USA) as part of a gaseous detector system, the Beta Imager 2000Z Digital Beta Imaging System (Biospace, France). After the gas was well mixed and a homogenous state was reached, further exposure for 20 h yielded high-quality images. A [ 3 H]Microscale (American Radiolabeled Chemicals, St Louis, Missouri, USA) was counted simultaneously as a reference for total radioactivity quantitative analysis. Quantitative analysis was performed with the program Beta-Vision Plus (BioSpace, France) for each anatomical region of interest.
Cresyl violet staining. A set of adjacent sections was fixed with 4% paraformaldehyde for 10 min, washed with PBS for 1 min, then dipped in 100% ethanol for 20 seconds to remove fat and fixation chemicals. Sections were then stained with 0.5% cresyl violet solution for 3 min, washed in running tap water 10 min, dehydrated by a series of alcohol baths, and made transparent by xylene (264 min) and scanned with an Epson scanner. 
Statistical analysis. The receptor-bound radioligand binding apparent densities were calculated using the specific activity of each radioligand expressed as fmol/mg tissue as previously described [18] . The experimenter was blinded to all conditions during the analysis. Comparison of receptor densities was analyzed by an unpaired Student's t test. Assessment of correlation between different receptors binding was calculated using Pearson product moment correlation coefficient. 2 and D 3 receptors densities were determined as described above. The nonspecific binding was determined by using different high affinity cold compounds ( Figures 2B, 3B, 4B , 5B). The receptor density values are summarized in Table 2 .
Precommissural striatal regions. Dopamine D 1 , D 2 and D 3 receptors were found to be extensively distributed throughout the precommissural striatal regions. The dopamine D 3 receptor density was much lower than that of the D 1 and D 2 receptors (Table 2; Figure 2 ). The dopamine D 3 receptor density was significantly lower in the putamen (p = 0.001) and caudate (p = 0.0001) than that of the NAc ( Figure 1E) . No difference in the D 3 receptor density was found between the putamen and caudate. The dopamine D 2 :D 3 receptor density ratio was significantly higher in the putamen (p = 0.04) and caudate (p = 0.04) compared to that of the NAc, but was not different between the caudate and putamen ( Figure 1F ). The VMAT2 density was found to be ,10-fold higher than that of DAT in this region. Densities of DAT and VMAT2 were similar among the three sections of the precommissural striatal regions; an exception was the putamen, which showed significant increase in VMAT2 density versus that of the NAc (P = 0.01) ( Figure 1E) .
Globus pallidus. The density of dopamine D 1 and D 2 receptors, and DAT and VMAT2 were dramatically lower in the GP, whereas the density of the dopamine D 3 receptor was just slightly lower when compared to those of the striatal regions (Table 2; Figure 3 ). The distribution of dopamine receptors was different between the GPe and GPi: the dopamine D 1 , D 2 , and D 3 receptor densities were similar in the GPe, while the dopamine D 1 receptor density was significantly higher (p = 0.02) and the D 2 receptor density was significantly lower (p = 0.03) in the GPi compared to that of GPe ( Figure 3E) . Because of the lower density of dopamine D 2 receptors in the GPi, the dopamine D 2 :D 3 receptor density ratio was significantly lower than that of GPe ( Figure 3F) . A lower level of VMAT2 density was distributed in both regions of the GP, whereas the density of the DAT was negligible compared to that in the striatal regions (Table 2 ; Figure 3E ).
Thalamus. Dopamine D 1 receptor density was much lower and the D 2 receptor was negligible in the thalamus compared to those of the striatal regions (Table 2 ; Figure 4A , E). In contrast, the dopamine D 3 receptor density exceeded that observed in striatal regions, resulting in a low D 2 :D 3 receptor density ratio in the thalamus (0.1160.05) compared to that of the striatal regions ( Figure 4F) . A strong linear correlation (R 2 .0.78) between the average density of dopamine D 1 and D 3 receptors was found in the thalamus ( Figure 4G) . A lower level of VMAT2 was found in the thalamus, whereas DAT density was nearly zero (Table 2 ; Figure 4A , E).
Postcommissural striatal regions. There were no significant differences in dopamine D 2 and D 3 receptor densities, and the D 2 :D 3 receptor density ratio, between the pre-and postcommissural striatal regions. However, the dopamine D 1 receptor density was found to be significantly lower in the postcommissural putamen (p = 0.01) and caudate (p = 0.01) compared to their precommissural counterparts. The DAT density was found to be significantly decreased in the post-versus precommissural putamen (p = 0.04), while the VMAT level did not change.
Substantia nigra. Dopamine D 1 and D 2 receptor densities were much lower in the SN compared to those of the striatal regions. In contrast, the dopamine D 3 receptor density in the SN was the highest among the extrastriatal regions, and is only slightly lower than that of NAc (Table 2; Figure 5D ). Consequently, the dopamine D 2 :D 3 receptor density ratio in the SN was very low ( Figure 5E ). There was a moderate density of VMAT2 in the SN, while DAT density was negligible in this region ( Figure 5D ).
Red nucleus. Receptor densities in red nucleus (RN) were extremely low except for the dopamine D 3 receptor, which showed a relatively high density in this area (Table 2; Figure 5D ). The dopamine D 2 :D 3 receptor density ratio in the RN was similar as that of SN ( Figure 5E ).
Comparison of dopamine D 1 , D 2 , and D 3 receptors, and DAT and VMAT2 densities in the striatal regions between aged rhesus monkey and aged human brain
To investigate the species differences of dopamine receptors and presynaptic markers, we compared the density of dopamine D 1 , D 2 , and D 3 receptors and DAT and VMAT2 in the striatal regions of an aged rhesus monkey (25 years old ) to those of aged human brain (average age: 91 years old). The densities of dopamine D 1 and D 2 receptors and DAT were found to be lower in aged human brain compared to those of rhesus monkey, whereas the dopamine D 3 receptor and VMAT2 densities were similar between these two species (Table 3; Figure 6 ).
Different regulation of VMAT2 and DAT in the striatal regions and substantia nigra of aged human brain
In all brain regions measured, the VMAT2 density was found to be significantly higher than that of the DAT ( Table 2 ). The VMAT2:DAT density ratio was regionally-dependent: the VMAT2 density was 30-fold higher than that of the DAT in the SN but only 10-fold higher in the precommissural striatal regions ( Figure 7D ). The average VMAT2 density strongly linearly correlated with DAT densities in the precommissural putamen (r 2 = 0.68) and caudate (r 2 = 0.73), but not in the SN (r 2 ,0.01) ( Figure 7A ). The VMAT2 density in the SN significantly correlated with those in the precommissural putamen (r 2 = 0.60) ( Figure 7B ) and caudate (r 2 = 0.50), but no such correlation was found for the DAT either in the precommissural putamen (r 2 = 0.10) or caudate (r 2 = 0.11) ( Figure 7C ).
Discussion
Our group had previously reported the density of dopamine D 2 and D 3 receptors in rat and rhesus monkey brain using a novel autoradiography method involving the use of two different radioligands, the D 3 [18] . Here we report first measurements of D 2 and D 3 specific receptors in aged human postmortem brain. We also included measurements of the density of dopamine D 1 receptors, DAT and VMAT2 using wellestablished tritiated ligands and quantitative autoradiography. Some noteworthy findings include: 1) D 3 receptors were widely distributed throughout the striatal and extrastriatal regions in the aged human brain; 2) in the striatal regions, D 3 receptors were more enriched in the NAc than in the caudate and putamen; 3) in the extrastriatal regions, dopamine D 3 receptor density exceeded D 2 receptors; 3) DAT density in aged human brain was more than 10-fold lower than that of VMAT2 in the striatal regions, and was negligible in the SN, whereas VMAT2 density was relatively high; 4) receptor densities of dopamine D 1 , D 2 ]raclopride, the density of dopamine D 2 and D 3 receptors can be easily determined using the mathematical model [18] .
The current finding of the dopamine D 3 receptor distribution pattern in the striatal regions is in agreement with some previous reports [13, 14, 18] , but not consistent with other reports demonstrating a restricted distribution in the limbic areas of the striatum [17, 29, 30] . However, in situ hybridization studies have shown that dopamine D 3 receptor mRNA is found in the caudate, putamen and nucleus accumbens in human and monkey brain [13, 31, 32] , which provides additional support for the current observations. The distribution of dopamine D 3 receptors in the putamen and caudate, with a higher density in the NAc, suggests that the dopamine D 3 receptor may also be involved in the regulation of locomotor function in addition to their well-recognized role in the limbic system.
The measurement of dopamine D 3 receptors in the GPi is consistent with previous publications [17] . Interestingly, the dopamine D 1 receptor density was found to be significantly higher and the D 2 receptor density significantly lower in the GPi versus GPe, which is in agreement with the recent finding showing the similar distribution of dopamine D 1 and D 2 receptors in the globus pallidus by using bacterial artificial chromosome (BAC) transgenic mice in which expression of enhanced green fluorescent protein (eGFP), is driven by the promoter region of either the D 1 or the D 2 [33] . The different distribution pattern of the dopamine D 1 and D 2 receptors in the GPe and GPi found in this study has provided the additional proof that the D 1 receptormediated direct pathway going from striatum to GPi and the D 2 receptor mediated indirect pathway going from striatal to GPe.
The thalamus is another interesting target for brain dopamine [34] . Previous receptor autoradiography studies with the radioligand [
125 I]epidepride found a modest density of dopamine D 2 -like receptors in the thalamus [12, 35] . On the other hand, dopamine D 3 receptor density was found to be very low in human thalamus when [ 3 H]7-OH-DPAT was used as the radioligand [13] . In PET imaging studies, radiotracers such as [ 18 F]fallypride which has a high affinity for both D 2 and D 3 receptors, and [
11 C]PHNO which is a D 3 preferring ligand, , display a high uptake in the thalamus of human and monkey brain [9, [36] [37] [38] [39] [40] . This is in contrast to [ 18 [43] [44] [45] [46] , substance abuse [47, 48] and dystonia [49, 50] [59, 60] . For example, D 1 and D 3 mRNAs are co-localized in a large number of neurons in the striatum [61] and the NAc [62] [63] [64] , and coactivation of D 1 and D 3 receptors in the shell of the NAc synergistically increases substance P expression [63, 64] . D 1 and D 3 interactions are thought to mediate the rewarding properties of low doses of cocaine [36] , and L-DOPA administration to rats receiving a unilateral injection of the neurotoxin 6-OH-dopamine results in an overexpression of D 3 receptors in nigrostriatal neurons that constitutively express D 1 receptors [59, 65, 66] . Dopamine D 1 and D 3 receptors were co-expressed in the renal proximal tubule [67] and in transfected HEK-293 cells [68] . Heterodimerization of these two receptors has been observed by co-immunoprecipitation from striatal protein preparations [59] or by bioluminescence resonance energy transfer technique in transfected mammalian cells [59, 68] The DAT and VMAT2 distribution pattern found in this study is consistent with the previous reports [69] [70] [71] [72] .The higher density level of both DAT and VMAT2 was found in the putamen and caudate compared to that of nucleus accumbens, which is in line with the recent finding using the same radioligands [73] . Surprisingly the DAT density was 10 fold lower than that of VMAT2 in aged human striatum which is different from previous reports. Furthermore the DAT density was lower while the VMAT2 density was not significantly different in the aged human compared to that of monkey brain. This may reflect the different aging related change patterns of these two dopamine presynaptic markers. In fact aging related decline of DAT but not VMAT2 density in the human brain has been reported [74] [75] [76] . In the striatal regions, the DAT density was significantly correlated with that of the VMAT2, indicating the anatomical and functional coupling of these two presynaptic dopamine markers.
The monkey brain had a higher density of D 1 and D 2 receptors relative to the human brain, but a similar density of D 3 receptors. Dopamine D 1 [58, [77] [78] [79] and D 2 [46, [80] [81] [82] receptor densities decline with aging in human brain, but no reports have been published measuring the density of D 3 receptors as a function of age.
The main limitation of this study is absence of data from younger subjects. The results of this study may only reflect the densities and distribution of the dopamine receptors and transporters in advanced aged human brain, and may not reflect age-related changes of presynaptic and postsynaptic dopamine markers. Therefore, caution should be given when comparing these data with that of PET imaging studies of the dopaminergic in younger subjects.
Conclusions
This study provides quantitative measurements of the density of presynaptic (VMAT2 and DAT) and postsynaptic dopaminergic markers 
